Isocitrate lyase was purified from the purple nonsulfur bacterium Rhodopseudomonassp. No. 7. The purified enzymewaselectrophoretically homogeneous. Themolecular weights of the native enzyme and its subunit were estimated to be approximate 250,000 and 62,000 by gel filtration chromatography and SDS-polyacrylamide gel electrophoresis, respectively. The optimum pH for its activity was 6.5. The optimum temperature was 45°C. The Kmfor DL-isocitrate was 0.136 mMin potassium phosphate buffer (pH 6.0). Mg2+was required for full activity of the enzyme as a non-essential activator. The enzymeactivity was inhibited by SH-blocking reagents. Non-competitive inhibitory effects on the enzyme were examined with malate and succinate. The Ki for malate and succinate were 2.7 and 0.24 mM, respectively.
The glyoxylate cycle is an important pathway for the assimilation of the C2-unit widely operating in higher plants and microorganisms.
In this pathway, isocitrate lyase (ICL, EC 4.1.3.1), which catalyzes the aldol cleavage of isocitrate into succinate and glyoxylate is a key enzyme. However, inhibitory effects by metabolic intermediates and the role of Mg2+ on the active site didn't always give similar results in the enzymes from various organisms.1}
Many purple nonsulfur bacteria assimilate ethanol and/or acetate under anaerobic light conditions.
Albers and Gottschalk2) divided these bacteria into three groups. One of them has the glyoxylate cycle consisting of ICL and malate synthase (MS, EC 4.1.3.2). Others have pathways that lack ICL or MS. High levels of ICL and MSwere found in Rhodopseudomonas palustris and several species whenthese were incubated in the presence of acetate. Besides, in a spontaneous mutant of Rhodopseudomonas capuslatus strain St. Louis it has been reported that the addition ofmalate to a culture growing on acetate rapidly reducted the ICL level.3>4) 3177 However, there is little known about the purification of ICL from these bacteria and information on the regulation of the enzyme is limited.
There are a few reports on the growth and physiology of purple nonsulfur bacteria in a medium consisting of mixed carbon and electron sources of clearly known compositions. 5' 6) We isolated a purple nonsulfur 
Materials and Methods
Organism, media, andgrowth conditions. Rhodopseudomonas sp. No. 7 and its maintenance were described previously.8)
The basal salt medium containing 0.1% ethanol, 0.1% ammonium chloride, and 0.2% sodium bicarbonate was used for the main culture. The organism was grown at 30°C in screw-capped 1.51 Roux bottles filled with the medium. These bottles were illuminated at an intensity of 3000lux with 60Wincandescent lamps. After incubation, cells in the late logarithmic growth phase were harvested by centrifugation. The resultant cells were washed twice with 50 mMpotassium phosphate buffer (pH 7.2) and kept below -20°C until use.
Purification of ICL. A typical purification of ICL was as follows. The frozen cells (33.6g, wet weight) obtained from 16.8 1 of a culture broth were resuspended in 120ml of 50mMpotassium phosphate buffer (pH 7.2) and then ultrasonicated for periods of 2min in a 200WOhtake ultrasonic disintegrator at 20 kHz. The total exposure time was 6min. The sonic extract was centrifuged at 20,000 x g for 20min at 4°C. The resultant supernatant was fractionated with ammoniumsulfate at concentrations between 30 to 70% saturation. The precipitate obtained by this fractionation was suspended in about 10ml of the potassium phosphate buffer and then dialyzed against the same buffer overnight. The dialysate was chromatographed on a Sepharose CL-6B (Pharmacia) column (2.6 x 80cm) equilibrated with the potassium phosphate buffer. It was eluted with the same buffer at a flow rate of 20ml/hr. Ten-ml fractions were collected. The fractions containing ICL were combined and then chromatographed on a DEAE-Sephadex A-50 (Pharmacia) column (2.6 x 40 cm) equilibrated with the potassium phosphate buffer. The column was eluted with the potassium phosphate buffer (a linear gradient of 0-500mMsodium chloride) at a flow rate of20 ml/hr. Ten-ml fractions were collected. The active fractions were combined and dialyzed against 50mM potassium phosphate buffer (pH 7.2) overnight. To the dialysate, ammonium sulfate was added to give a concentration of 30%saturation. This dialysate was put on a Butyl-Toyopearl 650M (Tosoh) column (1.6 x 30cm) equilibrated with the potassium phosphate buffer containing 30%saturation ofammoniumsulfate. The column was eluted with the potassium phosphate buffer (a 400-ml linear Polyaerylamide gel electrophoresis. Two procedures were used, one for native protein samples and the other for denatured protein samples. The native protein samples were directly assayed with 7.5% gels in 50mMTris-HCl buffer (pH 8.3) at 20mA by the method ofDavis.10) The denatured protein samples were prepared by heating them in 10niM Tris-HCl buffer (pH 8.0) containing 1% sodium dodecyl sulfate (SDS) and 1 % 2-mercaptoethanol for 5 min at 60°C. Electrophoresis of the heated samples was run in 40mMTris-acetate buffer (pH 7.4) containing 0.2% SDS at 20mAby the method ofWeber and Osborn.ll' Enzyme assay. The ICL activity was assayed by the method of Dixon and Kornberg12) with a slight modification. Sodium DL-isocitrate was used as a substrate for the assay.
Protein assay. Protein was measured by the method of Bradford13' with bovine serum albumin as a standard.
Molecular weight estimation. The molecular weight of the native enzyme was estimated by gel filtration on a Sephadex G-200 (Pharmacia) column (1.6 x 70cm) equilibrated with 50 mMpotassium phosphate buffer (pH 7.2).
The column was eluted with the same buffer. The molecular weight of the denatured enzyme was estimated by electrophoresis as described above.
Results
Purification of ICL A typical purification of ICL from Rhodopseudomonas sp. No. 7 is summarized in Table I . The procedure was done within 7 days from the ultrasonication to the final purification step. The purified enzyme was obtained in a yield of 12.5% with a specific activity of 8730+ lOO nmol/min/mg protein. The final purification factor was about 270-fold. The elution profile of the final chromatography using a G3000 SWgel filtration column is shown in Fig. 1 . The purified enzyme was homogeneous as judged by the criterion of non-denatured polyacrylamide gel electrophoresis ( Fig. 2A) . Moreover, no evidence of contamination was found on SDS-polyacrylamide gel electrophoresis (Fig. 2B ).
Molecular weight and subunit structure The molecular weight of ICL was about 250,000 by Sephadex G-200 gel filtration chromatography (1.6 x 70 cm column, data not shown). The subunit molecular weight was Effects of pH on the enzyme Effects of pH on the activity and stability were examined with 50mMpotassium phosphate buffer (pH 4.5 to 8.0) and 50mM
Tris-HCl buffer (pH 7.0 to 9.0). The optimum pH of the activity was 6.5 (Fig. 4) . The enzyme was stable in the potassium phosphate buffer from pH 6.0 to 7.0.
Effects of temperature on the enzyme
The enzyme activity as examined by the a Activities are indicated as percentages of the value at the standard assay conditions. standard assay system except the temperature. The temperature was changed from 10 to 70°C discontinuously. The optimumtemperature of the activity was 45°C (Fig. 5) . The stability of the enzymewas examined after keeping it at various temperature for 3hr. The activity began to decrease greatly over 50°C (Fig. 5) .
Effects of metal ions on the enzymeactivity It is known that Mg2+is an activator ofICL The assay mixture contained 1.0fig enzyme. The activity was measured under the standard assay conditions at the final concentrations of Mg2+ as follows: 0.030mM (#),
from various organisms.^Mg2+ is considered to be necessary for catalysis in the active site of the enzyme. The activity of the enzyme from Rhodopseudomonas sp. No. 7 was enhanced by Mg2+,Mn2+, Ba2+,orNi2+. Mg2+ was found to be the most effective. On the other hand, the activity significantly decreased in the presence of Cd2+ (Table II) . It has been discussed whether Mg2+is an essential or non-essential ion for the active site of ICL obtained from a few organisms.15?16) But detailed reaction mechanisms of Mg2+in the active site have not been described for various organisms. A role of Mg2+ in the reaction catalyzed by the enzyme from strain
No. 7 was found from double-reciprocal plots (Fig. 6 ). Mg2+ operated in the reaction as a nonessential activator. That is, Mg2+ seems to have been bound to the enzyme only in the form of a substrate-Mg2 + complex.
Effects of SH-blocking reagents on the enzyme activity Table III shows the effects of four SHblocking reagents on ICL. All reagents tested inhibited the enzyme activity. /?-Chloromercuribenzoate was the strongest inhibitor among Activity of Isocitrate Lyase. The assay mixture contained 1.0 jug enzyme. The activity was measured under the standard assay conditions with various concentrations of DL-isocitrate. 
Kinetic properties
The Kmof the enzymeagainst DL-isocitrate from Rhodopseudomonassp. No. 7 was measured using 50 mMpotassium phosphate buffer (pH 6.0). The value was 0.136mM from Lineweaver-Burk plots (Fig. 7) .
The activity of the enzyme from strain No.
7 was non-competitively inhibited by malate and succinate. About these acids, Kis of the enzyme were calculated from Dixon plots (Figs. 8 and 9 ). The Kis for malate and succinate were 2.7 and 0.24mM, respectively. This suggests that succinate operates as a more effective inhibitor than malate.
Discussion
ICL was purified to homogeneity from Rhodopseudomonas sp. No. 7. This is the first report on the purification ofICL from a purple nonsulfur bacterium. Its properties were similar to those of enzymesfrom other organisms except for somepoints. Strain No. 7 grew on ethanol and evolved hydrogen from it. The growth and hydrogen evolution were significantly improved when the bacterium was incubated in a salt medium containing both ethanol and malate.14) In this Recently, the acetate metabolism in purple nonsulfur bacteria such as Rhodobacter sphaeroides and Rhodospirillum rubrum was reinvestigated by Blasco et al.11 ] It had been reported that these species lacked ICL. However, they found the enzyme activity in crude extracts from these bacteria. This suggests that the glyoxylate cycle operates widely in purple nonsulfur bacteria. We are planning comparative studies among several purple nonsulfur bacteria using an antibody against ICL purified from Rhodopseudomonas sp. No. 7.
